Background Prediction of peak work rate (WRpeak) for incremental exercise testing (IET) is important to bring subjects to their maximal performance within the recommended 8-12 min. This study developed a novel method for prediction of WRpeak for IET on cycles and treadmills. Methods Peak metabolic equivalent of task (METpred) was predicted based on an existing non-exercise prediction formula, and then, predicted peak work rate (WRpred) was derived from separate formulae for the cycle and the treadmill. Eighteen healthy subjects were included. Results In males, there was no difference between WRpred versus WRpeak for both the cycle ergometer (277Á7 versus 275Á6 W, P = 0Á70) and the treadmill (264Á1 versus 260Á5, P = 0Á58). In females, there was no difference between WRpred versus WRpeak for the cycle ergometer (187Á1 versus 188Á3 W, P = 0Á90), but a significant difference was found between WRpred versus WRpeak on the treadmill (178Á6 versus 151Á9 W, P<0Á05).
Introduction
Maximal or peak oxygen uptake (maximal _ VO 2 or peak _ VO 2 ) obtained from incremental exercise testing (IET) is the gold standard measure for determining cardiopulmonary fitness (Pescatello et al., 2014) . This test is usually performed on a treadmill or a cycle ergometer. It is recommended that the work rate increment for a ramp protocol should be chosen so that the total IET time lies in the range of 8-12 min to improve subjects' tolerance and test quality (Buchfuhrer et al., 1983; Myers et al., 1992; Myers & Froelicher, 1993; Pescatello et al., 2014) . A shorter exercise test duration of less than 8 min results in approximately 10% reduction of maximal _ VO 2 and produces a nonlinear relationship between oxygen uptake ( _ VO 2 ) and work rate (WR) (Buchfuhrer et al., 1983; Balady et al., 2010) . A longer test (more than 17 min) results in approximately 5% reduction of maximal _ VO 2 with the longest of these tests having the greatest reduction (Buchfuhrer et al., 1983) . Subjects found longer tests more stressful: they complained about seat discomfort with the long cycle tests and low back pain with the long treadmill tests (Buchfuhrer et al., 1983) . Additionally, subjects may terminate the tests because of muscle fatigue or orthopaedic factors rather than cardiopulmonary end points (Balady et al., 2010) . Thus, long tests waste time, increase the physiological and psychological stress and may distort the results (Buchfuhrer et al., 1983) .
The accurate prediction of peak work rate is important to bring the subjects to their maximal performance within a desirable time. Subjects usually need to perform a short maximal test or a warm-up test to predict the peak work rate before an IET, which is not convenient to implement in daily practice (Myers et al., 1992; Arts et al., 1993; Loe et al., 2014) . Recently, there was an attempt to use non-exercise prediction of maximal _ VO 2 to design IET protocols (Maeder et al., 2006; da Silva et al., 2012; Cunha et al., 2015) . For example, a recently published study by Cunha et al. (2015) used a nonexercise model (Matthews et al., 1999 ) and ACSM's metabolic equations (Thompson et al., 2009) to determine the cycle and treadmill ramp protocol and found promising results.
In this work, we developed formulae to predict the peak work rate on a cycle ergometer and a treadmill from the predicted maximal _ VO 2 . The maximal _ VO 2 was calculated from an existing non-exercise prediction formula which is based on regression analysis of data from the National Aeronautics and Space Administration/Johnson Space Center (NASA) (Jurca et al., 2005) . This formula is easy to administer (no nomogram needed) and provides the exact value of the predicted metabolic equivalent of task (MET). The formula from the NASA model shows a high model fit with minimal standard error of estimates and has one of the highest model fits among other existing non-exercise prediction models (Wisen et al., 2002; Jurca et al., 2005; Maeder et al., 2005; Nes et al., 2011) .
The ramp protocol has the advantage of stressing the subject for only a few minutes at high work rates and providing a favourable effect on gas exchange dynamics (Myers et al., 1991; Wasserman et al., 1999) . There are many existing ramp protocols for the treadmill. Cunha et al. (2015) used a ramp protocol with a treadmill speed of 4 km h À1 at the beginning and 6 km h À1 at the end. The average slope at the end of the exercise was high (22%). Porszasz et al. (2003) implemented a protocol using a linear increase in speed and nonlinear increase in angle to achieve a linear work rate ramp; however, this resulted in a high final treadmill slope in lighter subjects (approximately 20%). Here, we implemented a protocol combining simultaneous nonlinear changes in speed and angle at the same relative proportion (Hunt, 2008) . The aim of this work was to develop and evaluate a novel method for prediction of peak work rate for IET on both a cycle ergometer and a treadmill. This allows the prediction of individual peak work rate which does not require a pretest evaluation.
Methods Subjects
This study was reviewed and approved by the Ethics Review Committee of the Swiss Canton of Bern, Switzerland (Ref. 002/12). All research subjects gave their written informed consent before participating in the study.
Eighteen healthy subjects (10 male) participated (Table 1) . Subjects were aged 18-50 years and had no cardiovascular, pulmonary or musculoskeletal disease that might have interfered with the exercise testing.
Prediction of peak Metabolic Equivalent of Task (METpred) and predicted peak work rate (WRpred)
To estimate the predicted peak work rate (WRpred) for each individual, we first predicted the peak metabolic equivalent of task (METpred). This formula was derived from regression analysis of data from the National Aeronautics and Space Administration/Johnson Space Center (NASA) (Jurca et al., 2005) which were from 1458 men and 405 women aged 20-70 years who did the exercise testing on a treadmill (Jackson et al., 1995 (Jackson et al., , 1996 . Here, the METpred was calculated from gender, age, body mass index, resting heart rate and self-reported physical activity levels (Jurca et al., 2005) .
WRpred was derived from predicted maximal _ VO 2 minus the baseline _ VO 2 during walking/cycling before the start of IET divided by the slope of the oxygen uptake ( _ VO 2 )-work rate (WR) relationship:
for the cycle ergometer, and
for the treadmill.
The factor 3Á5 appears because 1 MET is equivalent to an oxygen uptake ( _ VO 2 ) of 3Á5 ml kg min À1 (Pescatello et al., 2014) while 1Á8 is the baseline MET during walking or unloaded cycling measured in our pilot data. The numbers 9Á6 and 11Á4 ml min W À1 are the slopes of the _ VO 2 -WR relationship found for the cycle and treadmill ramp tests established by Porszasz et al. (2003) . We divided METpred by 1Á1 for the prediction of maximal _ VO 2 on the cycle ergometer because maximal _ VO 2 achieved by the cycle ergometer is generally approximately 10% lower than the treadmill (Saengsuwan et al., 2015) and this factor was used by Wasserman et al. (1999) for the translation of maximal _ VO 2 from the treadmill to the cycle ergometer. 
Incremental exercise tests
Each subject performed 2 tests on the cycle ergometer and 2 tests on the treadmill. The test sequence for each subject was computer randomized, and each test was at least 48 h apart. The first test on each device was a familiarization and the data from the second test on each device were used for the analysis. Subjects were instructed to avoid intense physical activity 24 h before each test and not to consume caffeine and nicotine at least 3 h before each test (Pina et al., 1995) . Before each test, the subject had 5 min of warm-up on either the cycle ergometer or the treadmill. Work rate slope was calculated to bring the subject to their predicted peak in 10 min, that is slope = WRpred/10 [W min À1 ].
Cycle ergometer
The ramp test was carried out on an electronically controlled cycle ergometer (LC7; Monark Exercise AB, Sweden). The protocol consisted of 3 min of rest, 3 min of unloaded cycling, and then the work rate was increased at the rate of 12-40 W min À1 (i.e. the individualized slope) until the subject reached exhaustion. A recovery period of unloaded cycling of 3 min then followed.
Treadmill
A linear increase in work rate for the treadmill ramp protocol was implemented using simultaneous nonlinear changes in both speed and slope. Here, the individual's predicted work rate was used to calculate the speed and slope for each 30-s period on the treadmill (Venus, h/p/cosmos GmbH, Germany) during the ramp test. The protocol consisted of 3 min of rest, 3 min of walking at 0Á9 km h À1 , then the ramp phase where work rate was increased at the individualized rate of 14-30 W min À1 until the subject reached exhaustion. A recovery period of walking at 2 km h À1 for 3 min followed.
Outcome measures
The main outcomes were the predicted and peak work rates (WRpred versus WRpeak) for both the treadmill and the cycle ergometer. The treadmill work rate was calculated with the formula WR = massÁgÁvÁsin (h), where v is treadmill speed and h is treadmill angle. The secondary outcomes were incremental exercise duration, the highest treadmill speed and slope and the number of subjects who reached their peak work rate within 8-12 min.
Statistical analyses
Agreement between the predicted work rate (WRpred) and the peak work rate (WRpeak) was analysed using paired t-tests and the Bland and Altman method (Bland & Altman, 1986) . The absolute error was calculated as |WRpred À WRpeak|. The absolute percentage error was calculated from (absolute error/WRpeak)Á100%. All analyses were performed using SPSS (version 19.0, IBM Corp, Armonk, NY, USA).
Results
Mean values of predicted work rate (WRpred) and peak work rate (WRpeak) were similar for the cycle ergometer (237Á4 versus 236Á8 W, P = 0Á90). For the treadmill, the mean predicted work rate was higher than the observation (226Á1 versus 212Á3 W, P<0Á05) ( Table 2 ). Stratifying the outcomes by gender revealed that there was no statistically significant difference between WRpred versus WRpeak for both the cycle ergometer (277Á7 versus 275Á6 W, P = 0Á70) and the treadmill (264Á1 versus 260Á5, P = 0Á58) in males. Additionally, there was no difference between WRpred versus WRpeak for the cycle ergometer (187Á1 versus 188Á3 W, P = 0Á90) in females. However, a statistically significant difference was found between WRpred versus WRpeak in females on the treadmill (178Á6 versus 151Á9 W, P<0Á05). The overall difference seen on the treadmill therefore stems from the female group.
The 95% limits of agreement (LoA) for the cycle ergometer WRpred and WRpeak difference were À28Á3 to 32Á5 W in males and À49Á5 to 47Á1 W in females. The 95% LoA for the treadmill WRpred and WRpeak difference were À34Á7 to 41Á8 W in males and À16Á4 to 69Á8 W in females.
For males, the mean absolute percentage errors were 4Á6% and 5Á7% for the cycle and treadmill, respectively. For females, the mean absolute percentage errors were 12Á2% and 20Á8% for the cycle and treadmill, respectively.
Maximal work rate was reached, on average, in 9 min 47 s (9 min 44 s in males and 9 min 51 s in females) and 9 min 24 s (9 min 54 s in males and 8 min 24 s in females) for the cycle and treadmill, respectively. The peak treadmill speed and slope were 8Á2 km h À1 and 15Á6% for males, and 7Á5 km h À1 and 12Á2% for females. All 18 subjects reached their maximal performance in 8-12 min on the cycle ergometer. Fifteen of the 18 subjects (83Á3%) reached maximal performance in 8-12 min on the treadmill, but three females reached their maximal performance before 8 min (1 subject reached it at 7 min 30 s and 2 subjects reached it at 7 min 50 s).
Discussion
The aim of this work was to develop and evaluate a novel method for prediction of peak work rate for IET on both a cycle ergometer and a treadmill. The first main finding from the study was that WRpeak can be accurately predicted for males with an error of less than 6% for both the cycle ergometer and the treadmill. However, the WRpeak prediction for females had a higher error (12Á2% for the cycle ergometer and 20Á8% for the treadmill). The second main finding was that the implementation of the prediction of WRpeak for individualized exercise protocol resulted in 100% of subjects reaching their maximal performance in 8-12 min on the cycle ergometer and 83% on the treadmill, that is 33 of 36 cases overall (92%).
Overall, the WRpeak prediction for the cycle ergometer was more accurate than the treadmill. The WRpeak prediction for the cycle ergometer in this study (mean difference between WRpred and WRpeak was 0Á6 W and 95% LoA was À37Á6 to 38Á8 W) was favourably comparable to the study of Cunha et al. (2015) , which used a different non-exercise prediction model and the ACSM's metabolic equations to determine the cycle work rate, and found that the mean difference between WRpred and WRpeak was À1 W and 95% LoA was À54Á1 to 52Á1 W.
The work rate on the treadmill is more difficult to correctly quantify because there are unmeasured sources of work, that is the baseline work while running at zero slope, which increases as treadmill speed increases (Porszasz et al., 2003) . This may account for the lower accuracy of the WRpeak prediction on the treadmill. Additionally, the lower accuracy for females may be because of the higher energy expenditure needed for the same work rate in females compared to males (Abadi et al., 2010) . This may be the result of biomechanical differences. It was found in the study of van der Walt & Wyndham (1973) that leg length has a negative correlation with oxygen uptake. Furthermore, it was found that at the same running velocity, females have a shorter stride length and higher stride rate compared to males (Elliott & Blanksby, 1979) .
The prediction of WRpeak and the integration with a protocol that includes simultaneous increases in speed and angle resulted in a lower slope at the time of the subjects' maximal performance. In the study of Porszasz et al. (2003) , which used a linear increase in speed and nonlinear increase in angle to achieve a linear work rate ramp, it was shown that lighter subjects had a final inclination as high as 20%.
In our study, as the speed and slope were equally changed, the maximal treadmill slope never reached 18% in any subject. Moreover, with the use of simultaneous nonlinear changes in speed and slope, one can balance the speed and slope changes arbitrarily.
This study has some limitations that should be addressed. First of all, the formulae can only be used in healthy subjects because we have implemented formulae to predict WRpeak from the _ VO 2 -WR relationship from normal subject data (Porszasz et al., 2003) . In some patient populations such as those with heart disease, it is known that the _ VO 2 -WR relationship will be lower than normal subjects during exercise, thus limiting the usability of these formulae (Myers et al., 2015) . Further modification of the formulae to predict WRpeak for the treadmill in females is necessary, and a validation study with a higher number of participants and wider level of fitness status should be carried out in the future.
Conclusion
The peak work rate prediction protocol was accurate in male subjects for both the cycle and the treadmill. In female subjects, the method was accurate for the cycle but systematically over-predicted the peak work rate on the treadmill. The protocol requires further adaptation and experimental investigation for females on the treadmill. 
